IMPORTANCE Myelin oligodendrocyte glycoprotein antibodies (MOG-Abs) are consistently identified in a range of demyelinating disorders in adults and children. Current therapeutic strategies are largely center specific, and no treatments have been formally evaluated.
M yelin oligodendrocyte glycoprotein antibodies (MOGAbs) are consistently identified in a range of acquired demyelinating syndromes (ADSs) in adults and children 1 and in up to 50% of children at first presentation of ADSs. [2] [3] [4] Although MOG-Abs were initially reported in predominantly monophasic disease, a recent report 5 of 210 children with ADSs who were followed up for at least 2 years observed that 22 of 65 MOG-Ab-positive children (33.8%) experienced clinical relapse and were diagnosed with multiphasic disseminated encephalomyelitis (MDEM), 6 recurrent optic neuritis (RON), 7 acute disseminated encephalomyelitis followed by optic neuritis (ADEM-ON), 8 or neuromyelitis optica spectrum disorder (NMOSD). [9] [10] [11] Two recent reports identified MOG-Abs in 22 of 35 children (62.8%) 5 and 26 of 48 children (54%) 12 with non-multiple sclerosis (MS) relapsing demyelination, which is more than 3 times more common than the aquaporin 4 antibody (AQP4-Ab) (4 of 35 patients 5 a n d8o f4 8 patients 12 ). The MOG-Ab-positive children had distinctive clinical and magnetic resonance imaging (MRI) features different from MS and AQP4-Ab NMOSD. 12 Treatment of MOG-Ab-associated disease has been influenced by protocols used for NMOSD with AQP4-Ab, 13 although these 2 disorders are thought to be clinically and biologically different. 14, 15 The high proportion of monophasic courses in patients with MOG-Abs 5 supports the decision against commencing maintenance immunosuppression after the first clinical event of MOG-Ab-associated disease. Furthermore, because some patients with MOG-Abs seem to have a milder NMOSD phenotype than patients with AQP4-Ab, 16 with good short-term response to corticosteroids, many of the relapsing cases were also not treated with maintenance immunosuppression. Recent reports 1, 17 also highlight that patients with MOG-Abs continue to relapse and accrue disability, sometimes despite maintenance treatment, raising important questions about how patients with relapsing MOG-Ab-associated disease should be treated. Current therapeutic strategies are largely center specific, formal consensus guidelines are yet to be formulated, and no clinical trials have been performed. We therefore conducted this retrospective, multicenter study to describe the first attack features, paraclinical characteristics, disease course, and responses to different treatment strategies in children with MOG-Ab-associated relapsing demyelinating syndromes.
Methods

Participants
From January 1, 2014, through December 31, 2016, we collected demographic, clinical, and radiologic data from 102 patients from 8 18 All patients had undergone brain and spinal cord MRI according to local MRI protocols (which do not routinely include orbital MRI).
Cases were assigned by participating investigator and subsequently confirmed by national leads based on clinical and radiologic information provided on the CRF to one of the following diagnostic categories: (1) Annualized relapse rates (ARRs) were calculated as the number of relapses per year before treatment (excluding index event) and during treatment only in patients with at least 6 months of follow-up after initiation of treatment. 20 Relapses were analyzed for up to 2 years before initiation of therapy and for the duration of the time undergoing therapy. Outcomes at last follow-up were retrieved from the patient's medical records to represent the most contemporary assessment of disability. If unavailable, this assessment was obtained directly from the patient's primary treating physician. The Expanded Disability Status Scale (EDSS) scores were documented at point of disease stability at least 3 months from acute or relapsing events.
MOG-Ab Testing
Within 1 month of an acute event (onset or relapse), clinically symptomatic children underwent testing for serum MOG-Abs, using a live cell-based assay optimized to reduce IgM cross-reactivity 5, 21 in the respective reference laboratories (detailed in the Acknowledgment) of the referring countries, as part of routine assessments of children with demyelinating diseases (antibody testing in the cerebrospinal fluid was not routinely performed). Clinical events and radiologic changes in patients 9 years or younger were more likely to affect the brain, whereas events in patients older than 9 years were more likely to affect the optic nerve ( Figure 1) . Patients' demographic, clinical, and paraclinical features and EDSS scores according to each relapsing demyelination syndrome phenotype are summarized in Table 1 .
Statistical Analysis
Results
Patients Group
First Attack Features
The 
Paraclinical Features
Cerebrospinal fluid lymphocytosis was reported in 43 of 73 tested patients (58.9%) (lymphocyte count, 10-624/μL; to convert to ×10 9 /L, multiply by 0.001). Intrathecal oligoclonal bands were seen in only 6 of 54 tested patients (11.1%) across the phenotypes (Table 1) . Erythrocyte sedimentation rate was increased in 21 of 36 patients (58.3%),, and evidence of remote Epstein-Barr virus infection was seen in 11 of 43 (25.6%).
Disease Course
A total of 464 demyelinating events were reported in the cohort ( Figure 1 ). No differences were found in time to first relapse, total number of relapses, and EDSS scores among the different original diagnoses. Despite no differences in EDSS scores detected in the different phenotypes, cognitive problems were seen more frequently in patients with MDEM and ADEM-ON (16 of 40 patients [40.0%]) vs NMOSD and RON (4 of 62 patients [6.5%], P < .001). Similarly, patients with abnormal intracranial MRI findings (18 of 65 patients [27.7%]) were more likely to have cognitive problems than patients with normal intracranial MRI findings (2 of 37 patients [5.4%], P = .008). Patients receiving immunotherapy had more clinical relapses and worse EDSSs than untreated patients ( Table 2) . One patient died. Good recovery, defined as an ARR of 0 at last follow-up (>6 months) and having no neurologic sequelae (EDSS score of 0), was reported in 32 of the 102 patients (31.3%; of these 10 were treated patients).
Response to Immunotherapy
The short-term treatment for each of these patients at presentation and during subsequent episodes of relapses was directed by the treating pediatricians based on protocols influenced by their regional and/or national reference center for central nervous system demyelination, guided by severity and persistence of symptoms. Disease-modifying drugs (ie, all forms of maintenance immunomodulation or immunosup-pression therapies) were given in 52 children (51.0%): 28 patients (53.8%) were treated with 1 DMD, 16 (30.7%) with 2, and 7 (13.5%) with 3 or more sequential DMDs, with only 2 patients receiving combinational treatment (intravenous immunoglobulin [IVIG] and rituximab) at any time point. All treatments were optimized at their respective regional or tertiary treating center. The clinical course and disease activity in patients who underwent therapy with maintenance treatment are illustrated in Figure 2 . Median time from disease onset to DMD treatment was 1.64 years (IQR, 0.50-3.60 years). Patient relapsed while receiving various treatments, with a total of 127 relapses while receiving treatment reported in the cohort A total of 464 demyelinating events were reported in 102 patients presenting with myelin oligodendrocyte glycoprotein antibody-associated relapsing demyelination syndrome. Receiver operating characteristic analysis identified the age of 9 years to be the best cutoff age associated with phenotype change. Clinical events in patients 9 years or younger were more likely to affect the brain, whereas events in patients older than 9 years were more likely to affect the optic nerve (P < .001). Brain magnetic resonance imaging abnormalities were also more common in the younger group (P < .001). There was no sex predisposition of differences (female to male ratio in patients Յ9 vs >9 years old was 1.0:1.64 vs 1.0:1.6, P > .99). Conventional MS treatment (interferon beta and glatiramer) was given as first-line treatment in 10 children and as a second-line treatment in 1 child and was discontinued in all in view of lack of response and ongoing treatment adverse effects. Two patients were initially switched to an alternative interferon preparation before changing treatment. All patients relapsed while receiving treatment. There was no change in the ARRs before and during treatment, with a mean difference of 0.02 (mean ARR before treatment, 2.40; mean ARR during treatment, 2.38; P > .99). There was no change in EDSS score (mean EDSS score before treatment, 2.2; mean EDSS during Eleven patients began therapy with mycophenolate mofetil of whom 3 were switched in view of treatment failure, with 1 having additional adverse effects. Four patients were switched to mycophenolate mofetil after cyclophosphamide (n = 2), azathioprine (n = 1), rituximab (n = 1), and cyclosporine treatment followed by interferon beta-1a (n = 1). Eight of 15 patients (53.5%) relapsed while receiving treatment. Mycophenolate mofetil treatment was associated with a mean reduction in the ARR of 1.27 (mean ARR before treatment, 1.79; mean ARR during treatment, 0.52; P = .003), with no change in EDSS score (mean EDSS score before treatment, 1.7; mean EDSS score during treatment, 1.9; P = .59).
Disease Course and Treatment Responses in MOG-
Twelve patients began therapy with azathioprine of whom 2 were switched in view of treatment failure and 2 stopped treatment (1 because of treatment failure and 1 because of adverse effects). Eight patients received azathioprine as secondline treatment; first-line MS treatment failed in 5 (1 receiving mycophenolate mofetil and 2 after 1 year of corticosteroid treatment). Ten of 20 patients (50.0%) relapsed while receiving treatment. Azathioprine treatment was associated with a mean reduction in the ARR of 0.84 (mean ARR before treatment, 1.84; mean ARR during treatment, 1.0; P < .001), with no change in EDSS score (mean EDSS score before treatment, 2.5; mean EDSS score during treatment, 2.6; P =. 7 4).
Rituximab was given as first-line treatment in 4 patients (with additional IVIG in 2), as second-line treatment in 4 patients, and as third-line treatment in 1 patient. Of the patients treated with rituximab as first-line treatment, no additional immunotherapy was used after treatment. Six of 9 patients (66.7%) relapsed during treatment. Two of 3 patients who did not relapse were additionally receiving maintenance IVIG. One child had a severe life-threatening relapse while receiving therapeutic doses of rituximab and had depleted B cells. Rituximab was associated with a mean reduction in the ARR of 1.61 (mean ARR before treatment, 2.12; mean ARR during treatment, 0.67; P < .001), with no change in EDSS score (mean EDSS before treatment, 2.4; mean EDSS during treatment, 3.2;
Intravenous immunoglobulin (regular infusion every 4 weeks) was given as first-line maintenance treatment in 12 patients (2 received additional rituximab) and in 4 patients as a second-line treatment after revision of the diagnosis. All patients continued to receive IVIG, but in 2 the infusion was reduced to every 8 weeks. Four of 12 patients (33.3%) relapsed while undergoing treatment. The IVIG treatment was associated with a reduction in the ARR of 1.71 (2.16 to 0.51, P < .001). The EDSS was also reduced (mean EDSS before treatment, 2.2; mean EDSS during treatment, 1.2; P = .01).
A total of 8 patients received oral prednisolone for more than 6 months; 5 (62.5%) relapsed while receiving treatment (3 while weaning from corticosteroids), and 1 patient relapsed 1 week after treatment with corticosteroids was stopped. Two patients started treatment with cyclophosphamide and 1 with cyclosporine; all relapsed while receiving treatment. Overall, we did not identify any phenotype that was more responsive to any specific treatments (Figure 3) .
Fifty patients (49.0%) were not treated. The median number of relapses in the untreated group was 1.0 (range, 1.0-7.0), and the median EDSS score was 1.0 (IQR, 0-1.5). No differences were found in patient demographics and clinical symptoms at onset and final demyelinating phenotype between the patients who were treated and those who were not (Table 2) . Overall, the treated patients had more relapses (median, 3.0; range, 1.0-17.0) and higher EDSS scores (median, 1.5; IQR, 0-2.5) than the untreated patients (median number of relapses, 1.0; range, 1.0-7.0; P = .009 and median EDSS score, 1.0; IQR, 0-1.5; P < .001). 
Discussion
Although MOG-Ab-associated disease is now well recognized in children and adults, few comparative studies have been performed of their clinical and investigative features, treatment response, or outcomes. In this large multicenter study of 102 children with relapsing MOG-Ab-associated disease, the original diagnoses were various, and overall the treated patients had a more severe disease. Although treatments were heterogeneous, injectable MS drugs were not associated with improvement, and maintenance IVIG was found superior to other treatments.
We observed an age-dependent phenotype, with brain manifestation in younger children and optic neuritis and/or transverse myelitis with normal intracranial imaging findings in the older child. This finding is in keeping with the physiologic, age-dependent white matter maturation that occurs from infancy to adulthood and may suggest susceptibility of the uncompacted myelin 22 to an antibody that targets the out- 
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Disease Course and Treatment Responses in MOG-Ab-Associated Disease ermost layer of the myelin sheath. 23 A progressive loss of tissue integrity occurs over time in patients with recurrent brain demyelination, which is likely to result in secondary neuroaxonal injury and could explain the poor cognitive outcome seen in this group and the reduced response to immunotherapies over time.
In this cohort, we observed the treatment paradox described in similar disorders, 24, 25 whereby the higher relapse rate and poorer outcome in the group receiving more therapy is simply reflected by the a priori threshold for initiating such treatments. In the 52 patients who were treated with DMDs, treatment was associated with a reduction in the ARR in patients treated with regular IVIG, rituximab, mycophenolate mofetil, and azathioprine in descending order. Care is also required when interpreting the ARR, which is susceptible to artifactual elevation, for example, when there is a short time to first relapse and a short time to treatment (increasing pretreatment ARR). Although we ensured therapeutic DMD doses by including treatment length of at least 6 months, lag time to therapeutic effect of specific treatments may lead to an artifactually elevated posttreatment ARR. The unresponsiveness to conventional MS therapy is reminiscent of a report 26 in AQP4-Ab NMOSD, although none of these children were reported to have life-threatening relapses after MS therapy as reported in some patients with NMOSD. None of the patients received alemtuzumab, which was reported to cause disease worsening in patients with NMOSD 27 and MOG-Ab-associated disease. 28 Interestingly, 6 of 7 patients (85.7%) who received rituximab alone continued to relapse despite B-cell depletion.
A key finding of our study is that IVIG as maintenance therapy was associated with the greatest improvements in ARR and EDSS score. Intravenous immunoglobulin is the only treatment that does not induce immunosuppression. Its mechanisms of action may go beyond the known immunomodulatory effect and may also be beneficial in patients with secondary inflammation. 29 Interestingly, in a recent study 30 using organotypic cerebellar section cultures from transgenic mice and MOG-Ab-induced demyelination, treatment with IVIG was protective from demyelination in a dosedependent manner.
Limitations
A major limitation of this study is that disease was not systematically managed in all patients, with possible biases in treatment initiation and/or escalation. Because testing for MOG-Ab has only recently become available, the patients described in this article were frequently misdiagnosed with MS, viral encephalitis (in view of the cerebrospinal fluid leukocytosis), and central nervous system vasculitis (in view of the increased erythrocyte sedimentation rate), which resulted in heterogeneous treatment and management regimens across the multiple centers. Because a significant number of cases were retrospectively tested, with diagnosis only considered at relapse and often many years later, this study could not provide information on the utility of serial measurements and/or antibody titers in predicting disease course or directing DMDs. This cohort was not adequately powered to evaluate potential differences of immunotherapy responses across the different relapsing phenotypes and was not optimal for a direct evaluation of an individual or sequence of treatment effect, which is better suited to a study design in which the lag phase of efficacy or washout period of specific therapies could be prospectively controlled. One particular treatment that deserves specific attention is the cumulative use of corticosteroids, often used in conjunction with DMDs and at low doses but also during relapses. Prolonged corticosteroid maintenance, which appears to be effective in adults with NMOSD, is less commonly used in the pediatric population in view of the adverse effects. 13 
Conclusions
Despite the limitations, this post hoc evaluation and analysis of data previously collected and published allowed us to make important observations about the treatment responsiveness of patients with relapsing MOG-Ab-associated disease, which has to be carefully and pragmatically considered alongside the safety of many of these treatments. Importantly, because most children with MOG-Abs remain monophasic, the data reported here do not evaluate treatment for patients with monophasic ADS; hence, these treatment strategies should not be applied to children after the first clinical event. The important questions our study raises are whether the treatmentresistant group represents a selected group of patients who are biologically or immunologically different and whether earlier intervention with more specific maintenance immunotherapy would lead to a better neurologic outcome. However, to achieve this, studies must initially elucidate many key aspects of the MOG-Ab-associated disorders, such as disease heterogeneity, early biomarkers of relapsing and/or severe disease, and optimal outcome measures, after which controlled trials could be performed. 
